We investigate the mass spectrum of pentaquark baryons with anticharm quark, in quenched lattice QCD with exact chiral symmetry. By chiral extrapolation to m π = 135 MeV, we determine the masses of the lowest lying states of the antisextet (J Π = 1/2 + ) and the triplet 
Recently, a narrow resonance Θ c (3099) (with the quantum numbers of D * − p) has been observed [1] by the H1 collaboration at HERA. It can be interpreted as a pentaquark baryon with minimal quark content (ududc), thus is the first exotic baryon with anti-charm quark, implying the existence of other exotic baryons with heavy quarks. Historically, the first exotic baryon Θ + (1540)(ududs) was discovered [2] by LEPS collaboration at Spring-8 (with subsequent confirmation by other experimental groups [3, 4, 5, 6, 7, 8, 9] ). Then the exotic baryon Ξ −− (1860)(dsdsū) and its iso-partners Ξ − and Ξ 0 [10] were observed by the NA49 group at CERN. The remarkable feature of any one of these exotic baryons is its exceptionally narrow decay width (< 18 MeV), while its mass is about 100 − 200 MeV above its strong decay threshold.
Thus, theoretically, the central question is whether the spectrum of QCD possesses these pentaquark baryons, with the correct quantum numbers, and the correct decay widths. At present, the most viable approach to solve QCD nonperturbatively from the first principles is lattice QCD with exact chiral symmetry [11] .
Recently, we have investigated the mass spectrum of pentaquark baryons [12] in quenched lattice QCD with optimal domain-wall fermion [13] . Using interpolating operators based on the diquark-diquark-antiquark picture in the Jaffe-Wilzcek model [14] , we measured time correlation functions (in the isospin limit m u = m d ) for 70 gauge configurations generated with Wilson action at β = 6.1 on the 20 3 × 40 lattice, and extract the masses of even and odd parity states respectively. With the pion decay constant (f π a) extracted from the pion correlation function, and the experimental input f π = 132 MeV, the inverse lattice spacing is determined to be a In this paper, we proceed to investigate the mass spectrum of pentaquark baryons with anti-charm quark.
In the Jaffe-Wilzcek model, each diquark transforms like a spin singlet (1 s ), color anti-triplet (3 c ), and flavor anti-triplet (3 f ). Then pentaquark baryons with light quarks emerge as the color singlet in (3 c ×3 c )×3 c = 1 c +8 c +8 c +10 c , and flavor multiplets in (
Now, if the (light) antiquark is replaced with the (heavy) anti-charm quark which does not belong to3 f , then the flavor multiplets are reduced to the symmetric antisextet (6 f ) and the antisymmetric triplet (3 f [15] . Theoretically, the spin and parity of lowest lying states of the antisextet is J Π = 1/2 + , while that of the triplet is J Π = 1/2 − since the two diquarks are distinct in each pentaquark of the triplet and S-wave is allowed. This implies that the triplet is lighter than the antisextet. One of the underlying motivations of this paper is to see whether this picture is indeed realized in lattice QCD with exact chiral symmetry. Further, most theoretical estimates based on the Jaffe-Wilczek model give the masses of the antisextet all below the threshold for the strong decays (see, for example, Refs. [16, 17, 18] ), thus it is instructive to see whether the non-perturbative solutions from the first principles of QCD would change this picture at all.
The diquark operator [ud] can be defined as
where u and d denote the quark fields, the superscript T denotes the transpose of the Dirac spinor, ǫ abc is the completely antisymmetric tensor, and x, {a, b, c} and {α, β} denote the lattice site, color, and Dirac indices respectively. Here Γ is a Dirac matrix satisfying Γ αβ = −Γ βα such that the diquark operator transforms like a scalar or pseudoscalar. It is common to choose Γ = Cγ 5 , where C is the charge conjugation operator. Then the diquark operator transforms like a scalar. On the other hand, if one chooses Γ = C, then the diquark operator transforms like a pseudoscalar. Note that we have restricted ourselves to local operators, namely, all quark fields in the diquark operator as well as the baryon operator are at the same site. On the other hand, if the quark fields are allowed to be at different sites, then gauge link variables have to be inserted between the quark fields. For lattice QCD, one has the options to use local or smeared interpolating operators for the pentaquark baryons, provided its correlation function has a significant overlap with the pentaquark baryon states.
In this paper, we work in the isospin limit (m u = m d ), thus do not distinguish the mass difference within the same iso-multiplet. For the antisextet, we choose one diquark to transform as scalar while the other diquark as pseudoscalar. On the other hand, for the triplet, we have to choose both diquarks to transform as scalar. This does not impose any problems for the iso-doublet {T Using the diquark operator defined in (1), the interpolating operators for pentaquark baryons with anti-charm quark can be written as
where Cc T denotes the anti-charm quark field, and other symbols for site, color, and Dirac indices are the same as (1) . Note that for Θ c and Ξ 5c , one cannot choose both diquarks to be (pseudo-)scalar, otherwise the interpolating operator is identically zero since diquarks are bosons.
Now it is straightforward to work out the baryon propagators in terms of quark propagators. In lattice QCD with exact chiral symmetry, quark propagator with bare mass m q is of the form (D c + m q ) −1 [21] , where D c is exactly chirally symmetric at finite lattice spacing. In the continuum limit, (D c +m q )
For optimal domain-wall fermion with N s +2 sites in the fifth dimension,
where D w is the standard Wilson Dirac operator plus a negative parameter −m 0 (0 < m 0 < 2), and {ω s } are a set of weights specified by an exact formula such that D c possesses the optimal chiral symmetry [13] . Since
thus the quark propagator can be obtained by solving the system D(m q )Y = 1I with nested conjugate gradient [22] , which turns out to be highly efficient (in terms of the precision of chirality versus CPU time and memory storage) if the inner conjugate gradient loop is iterated with Neuberger's double pass algorithm [23] . For more details of our scheme of computing quark propagators, see Ref. [24] . We generate 82 gauge configurations with Wilson gauge action at β = 6.1 on the 20 3 ×40 lattice. Fixing m 0 = 1.3, we project out 16 low-lying eigenmodes of |H w | and perform the nested conjugate gradient in the complement of the vector space spanned by these eigenmodes. For N s = 128, the weights {ω s } are fixed with λ min = 0.18 and λ max = 6.3, where λ min ≤ λ(|H w |) ≤ λ max for all gauge configurations (after projection of low-lying eigenmodes). For each configuration, quark propagators are computed with stopping criteria 10 −11 and 2 × 10 −12 for the outer and inner conjugate gradient loops respectively. Then the norm of the residual vector of each column of the quark propagator is less than 2 × 10
and the chiral symmetry breaking due to finite N s (= 128) is less than 10
for every iteration of the nested conjugate gradient. After the quark propagators have been computed, we first measure the pion propagator and its time correlation function, and extract the pion mass (m π a) and the pion decay constant (f π a). With the experimental input f π = 132 MeV, we determine the inverse lattice spacing a −1 = 2.211(30) GeV. (Our procedure has been described in Ref. [24] .)
Next we investigate the mass of the iso-doublet {T − since the two diquarks are distinct in each pentaquark of the triplet and the S wave is allowed. We shall see whether it turns out to be the case.
First, we compute the propagator of T c (5), (T c ) xα (T c ) yδ , and its time correlation function C(t)
Then the average of C(t) over gauge configurations is fitted by the usual formula
where m ± are the masses of even and odd parity states. Thus, one can use parity projector (1 ± γ 4 )/2 to project out two amplitudes,
Obviously, for sufficiently large T (the number of sites in time direction), there exists a range of t such that, in A ± , the contributions due to the opposite parity state are negligible. Then m ± can be extracted by a single exponential fit to A ± , for the range of t in which the effective mass m ef f (t) = ln(A ± (t)/A ± (t+1)) attains a plateau. For our lattice with T = 40, the plateau extends more than 6 time slices, thus both m + and m − can be extracted from A + and A − respectively. An example of A − (t) is plotted in Fig. 1 , together with the effective mass plot in the lower diagram.
In Fig. 2 [25, 18] ). Now, for the iso-singlet T − cs ([us] [ds] −c ), since we have not determined its mass, we do not know whether it is below the threshold for the strong decay T − cs → D − s Λ, though some theoretical estimates suggested that all members of the triplet are stable against strong decays [26] .
Theoretically, the spin and parity of the lowest lying states of the anti-sextet is J Π = 1/2 + , which is exactly equal to that of the orbitally excited iso-doublet {T Therefore we compute the propagator of N c (3), N cNc , and its time correlation function, and then determine the mass and the parity of its lowest lying state.
In Fig. 3 , we plot the masses of N c ([ud] [us] +c ) versus the pion mass, for even and odd parity states respectively. Obviously, the odd parity state is heavier than the even parity state. The masses of the even parity state can be fitted by the straight line: In Fig. 4 , we plot the masses of Θ c ([ud] [ud]c) versus the pion mass, for even and odd parity states respectively. Again, the odd parity state is heavier than the even parity state. They are well fitted by the straight lines: 
